5
This Article provides an overview of the MRG as a complex and dynamic social-ecological system (SES) and what challenges may arise under expected hydrologic changes. 6 Employing concepts from resilience theory, it describes the challenges facing water governance in the MRG, placing particular emphasis on the current function and capacity of existing governance structures. After a basic overview of resilience as a paradigm for understanding the dynamics of an SES, it provides a brief overview of the current governance framework for the MRG. 7 It then provides a description of the key social and ecological system elements and their associated interactions. 8 Having identified the key social and ecological elements involved, we discuss possible key interactions among them, including "tipping points"-key thresholds that, if crossed, may threaten the long-term viability of the MRG. 9 We then look at the implications of these interactions and tipping points for natural resource managers and discuss whether the current governance structures
In using the term "resilience" we invoke C.S. "Buzz" Holling's school of ecological resilience, which is increasingly being used to examine both social and ecological system dynamics. 17 Although there are a number of ways within this school 
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[VOL. 51 of defining resilience, 18 this Article invokes the term as used in Resilience Practice, in which Brian Walker and David Salt define resilience as "the capacity of a system to absorb a spectrum of disturbance and reorganize so as to retain essentially the same function, structure, and feedbacks-to have the same identity;" it employs the analytic tools provided by the Resilience Alliance in its Workbook for Assessing Resilience in Social-Ecological Systems: a Workbook for Scientists. 19 Viewing the MRG as a dynamic SES, the focus is on the amount of change the system can undergo while keeping its identity, including the system's adaptive capacity. From a management perspective, promoting resilience involves (1) evaluation of the current trajectory of the system state, and (2) fostering the ability of the system to resist perturbations. The abilities to influence both of these factors are determined by a combination of attributes of both the social and the ecological aspects of the system. 20 Systems with high adaptive capacity are able to re-configure themselves without significant changes to crucial functions, such as primary productivity, hydrological cycles, social relations, and economic prosperity. 21 Resilience theory also acknowledges the possibility of "surprise,"
22 the unpredictable qualities of SES. 23 A critical component of a resilience orientation is the recognition that regime shifts can occur As a result, a resilience-based approach to management is more realistic than traditional approaches because it acknowledges nonlinear change and provides a way of thinking about how to foster the SES components and dynamics we value and want to protect. The emphasis of resiliencebased management is on building adaptive capacity rather than maintaining stationarity.
Where regime shifts occur, transformation results, and the system reconceptualizes itself and creates a fundamentally new system with different characteristics. 24 Intentional transformation involves a conscious and deliberate negotiation from one system state to another. A system's transformative capacity is defined by (1) the degree to which managers of the SES are prepared for a change (as opposed to managers being in a state of denial); (2) the identified options for change (the possible new "trajectories" for the system); and (3) the capacity to change (the ability to make choices from among the possible new trajectories). 25 As will be discussed, the concept of transformation is particularly helpful in cases like the MRG that are 18 
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approaching potential ecological thresholds, providing managers with a framework for approaching impending change. Adaptive capacity and transformative capacity are related attributes within a SES. These capacities are crucial both when the management orientation is to maintain the current system state and when SES dynamics are such that transformation should or will occur. Transformative capacity highlights an important element of resilience theory that is often overlooked in policy discussions. That is, a "resilient" system state is not inherently "good" or "bad."
26 There are many examples of relatively stable and resilient SESs that are not desirable. Any notion of "building resilience" must therefore be followed by the questions-resilience of what and to what? 27 In other words, it is necessary to first identify overarching systems states we want to keep (referred to as general resilience) and/or elements of the system we want to keep (specified resilience), as well as those that we would prefer to lose. Once the desired outcomes are recognized, managers can perform an assessment of the perturbing factors and disturbances and assess whether they constitute potential or existing threats, as well as their capacity to control those threats. 28 This Article takes the narrower approach, looking at the specified resilience of the MRG's existing water supply and allocation strategies. Resilience theory provides a number of analytical tools for understanding the complexities and dynamics within a SES.
III. CURRENT GOVERNANCE STRUCTURE AND KEY ACTORS.
A. Historical Background.
Understanding the current water supply and allocation strategies in the MRG requires a basic overview of the current governance structure and key actors. It is multi-faceted and involves formal legal mandates and institutions, as well as stakeholder-based and collaborative institutions. The headwaters of the Rio Grande are located in Colorado and northern New Mexico. The river then bisects New Mexico from north to south before exiting the state to form the border between Mexico and Texas. This Article focuses on the 250 km reach in central New Mexico extending from Cochiti Dam to Elephant Butte Reservoir. Figure 1 shows the area with its major watershed features, including the inter-basin transfer from the San Juan River to the Chama River, which is operated in accordance with the Colorado River Compact.
Human occupation of the MRG has a rich and complex history. Several Native American Pueblo communities live in the MRG and have their own, extensive history of water use. 29 In the mid 1500's, the Spanish Conquistadors brought the 31 These communities brought with them communal irrigation systems of governance called acequias, resulting in diversions of water from a public waterway, and division of that water among acequia members. 32 For a brief period, the MRG became part of Mexico; the United States gained possession of the landscape with the signing of the Treaty of Guadalupe Hidalgo in 1848. 33 This led to another wave of Euro-American colonialism-this time spearheaded by Anglo ranchers and farmers arriving on the newly constructed railroad. 34 Anglo settlement in New Mexico followed a pattern familiar across the American West, including the encouragement of settlement by various homesteading provisions and federal water projects supporting the development of large-scale irrigated agriculture. 35 In the MRG and many places in New Mexico, however, this Anglo "homesteading" took place in a landscape that had already been the subject of competing claims-by Pueblo people, Spanish settlers and Mexicans-for hundreds of years. 36 Adjudications of these various claims-along with their associated water rights-upon the signing of the Treaty of Guadalupe Hidalgo has been the subject of controversies that continue to this day. Today, the MRG is a stressed system due to the effects of continuing human modifications to the landscape and river system along with both natural and human constraints and demands. As will be discussed infra, these stressors include populadroughts that decimated their subsistence corn-based agricultural system. Their style of habitation, in tight, protected communities in some areas and spread across the landscape in others, is a response to the need for access to water, as well as to inflows of other climate refugees. They brought with them sophisticated irrigation practices and adapted these strategies to take advantage of the MRG's monsoonal rain patterns and annual spring flooding events for subsistence agriculture within the floodplain. Today, the MRG is still home to several indigenous Pueblo communities. Id. See 
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tion growth, biodiversity loss, and cyclical droughts, all occurring in an overallocated system under constraints of interstate water compact obligations. The effects of climate change are being felt in the basin, with water demands increasing due to higher temperatures. This impacts are projected to be particularly acute in this region, exacerbated by the over-allocation of the historic water supply.
38
Any assessment of the resilience of the MRG as a complex SES must account for both its current resource allocation and shortages and the changes projected for the future. In this section, we present a summary of the basic governance structure, beginning with international agreements, interstate compacts and federal agencies and their associated mandates. It then discusses actors at the state and local level, and concludes with the role of collaborative processes and environmental groups.
The Rio Grande is both a successive international watercourse, in the sense that it flows from the United States to the international border with Mexico, and a contiguous international watercourse, meaning it forms the border between, and is shared by, the United States and Mexico. 39 The International Boundary and Water Commission is a bilateral organization that is primarily responsible for implementation of the treaty between the United States and Mexico regarding use of the Rio Grande.
40
The MRG is subject to a number of interstate compact agreements between states. 41 The other major interstate compact influencing governance in the MRG is the Rio Grande Compact between Colorado, New Mexico, and Texas. 46 The Rio Grande Compact apportions water among the states based on gauged stream flows, and administers the apportionment by assigning interstate delivery requirements within a complex system of debits and credits in water deliveries that carry over from year-to-year. 47 This influences both the amount and timing of water storage in the MRG, which will be discussed further infra. 48 Compliance with the Rio Grande Compact is currently the subject of litigation; the U.S. Supreme Court recently granted certiorari on a challenge brought by Texas against New Mexico for failure to make deliveries under the Compact.
49
Tribal agreements are also a major factor in MRG water governance. There are six Native American communities in the MRG. In New Mexico, the determination of water rights for Native American Pueblos is complicated by the fact that the United States did not create reservations for Pueblo communities. 50 53 The full extent of the water rights of the Six MRG Pueblos has yet to be legally determined. However, these rights still play a major role in the MRG, along with their associated right to retain water at El Vado Reservoir, within a calendar year, even when storage restrictions are in effect under the Rio Grande Compact. 54 At the federal level, the Bureau of Reclamation (Reclamation) and U.S. Army Corps of Engineers (Corps) have numerous responsibilities in the MRG. Reclamation operates two water projects for water storage and delivery: the San JuanChama Project, which includes Heron Reservoir, and the Middle Rio Grande Project, which includes El Vado Reservoir. 55 The Corps has primary responsibility for key flood control operations for the MRG, and its network of flood-control dams includes Abiquiu and Cochiti reservoirs. 56 Each of the federal water operations of these agencies has its own statutory mandates and corresponding constraints on management operations.
57
The U.S. Fish and Wildlife Service, the federal agency primarily responsible for implementation and enforcement of the Endangered Species Act (ESA), is also a key player in the MRG, which is home to two listed species under the ESA-the Rio Grande Silvery Minnow and the Southwestern Willow Flycatcher. 58 As will be discussed infra, implementation of the ESA under the limited water supply and water management constraints in the MRG has been a key driver of social system dynamics.
59
Two other federal agencies are worthy of note. The U.S. Forest Service, as a primary land manager for many of the upland forest areas upstream of the MRG, is also an important player. Finally, the Bureau of Indian Affairs is obligated to ensure the MRG Pueblos receive their allocation of water under tribal water agreements. 60 Kelly, New Mexico's Major Reservoirs: An Overview, in WATER MATTERS!, supra note 33, at 19-1, 19-7 ("An exception to Article VII is applied in the case of El Vado for the storage of 'Prior and Paramount' water rights for the several Rio Grande Pueblos, because the Compact by its own terms does not affect the water rights of Native American Pueblos and Tribes.").
53. At the state level, there are also several key actors. As in many Western states, the Office of the State Engineer is responsible for administration of water in accordance with the prior appropriation doctrine in New Mexico. 61 These duties include, where necessary, the adjudication of water rights in order to "help the State define its existing water rights, meet its interstate compact obligations, manage shortages, and protect the state's waters."
62 To date, however, there has been no adjudication of water rights in the MRG, and the actual administration of water supply is more complex in practice than it would be under strict adherence to the prior appropriation doctrine, as will be discussed infra. 63 The New Mexico Interstate Stream Commission, a sister agency to the Office of the State Engineer, has primary responsibility for ensuring that New Mexico meets its obligations and obtains its rights under interstate compact agreements. 64 The New Mexico Environment Department has jurisdiction over issues concerning water quality.
65
At the local level, the cities of Albuquerque, Santa Fe, and Rio Rancho are all major water users and are key players in land-use management decisions that impact water use in municipal areas. Albuquerque's water is managed by the Albuquerque-Bernalillo County Water Utility Authority (Water Authority). Both the City of Santa Fe and the Water Authority receive water from the San Juan-Chama Project and have drinking water supply projects that divert from the Rio Grande.
66
The Water Authority receives the largest share of San Juan-Chama Project water, with an annual allocation of 48,200 acre feet.
67
Irrigation districts have a quasi-municipal status as political subdivisions of the state in New Mexico, and no description of MRG governance would be complete without the MRGCD. The MRGCD was created in 1925 to both construct the dams and levees necessary to drain the historic floodplain for agricultural use and to deliver water to district members. 68 It is the largest agricultural water user in the MRG. 
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through town-locally referred to as the Bosque. 70 In 2011, the city launched the Rio Grande Vision project, a conceptual plan comprised of recreation, conservation, and improvements "that will provide a wider variety of ways for citizens of all ages and abilities to experience and learn about the Rio Grande and the Bosque."
71
The listing of native species to the MRG as endangered created a need for the federal, state and local entities discussed infra to cooperate to meet the needs of the listed species, the Rio Grande silvery minnow (Hybognathus amarus) and the Southwestern Willow Flycatcher (Empidonax traillii extimus). 72 The Middle Rio Grande Endangered Species Collaborative Program (Collaborative Program) coordinates the efforts of the various actors to achieve ESA compliance and funds research related to species recovery efforts. 73 Notably absent from the list of Collaborative Program participants are environmental groups. Environmentalists used litigation as a tool to force species protection efforts under the ESA, bringing a citizen suit enforcement action against Reclamation and the Corps in 1999, which led directly to the creation of the Collaborative Program. 74 But after some initial participation, environmental groups pulled out of the process. Environmental groups are still concerned about species protection, however, and Wild Earth Guardians recently threatened litigation challenging ESA compliance in the MRG, discussed further infra.
IV. ASSESSING RESILIENCE: INTERACTIONS AMONG SOCIAL AND ECOLOGICAL ELEMENTS OF THE SYSTEM, AND ASSOCIATED DRIVERS AND DISTURBANCES.
Like in most watersheds in the American West, the SES dynamics of the MRG are driven by the social and ecological stresses placed on the system through imbalances between water availability and demand. This Section describes social (human driven) and ecological (environmentally driven) elements and then highlights key interactions among them, with an emphasis on possible thresholds in MRG that, once crossed, will fundamentally change the SES. As will be demonstrated, it can be difficult to parse the "social" from the "ecological," as they often 70 co-emerge and intertwine. For example, the "built systems," including dams, levees, and other human-engineered changes to the Rio Grande river system are human in the sense that they were created by and serve social processes but also ecological in the sense that they alter the river in physical ways that create new ecological dynamics.
A. Elements of the Current Social System
Built Infrastructure: Dams and Levees
Perhaps the most immediate and direct social driver of changes that have occurred to the MRG are the dams and levees that control the amount and location of water and sediment in the river system, which are major determinants of the river system's health and complexity. 78 Besides the expansion of levees, the Flood Control Act funded additional large flood-control measures in the MRG, including clearing and straightening of the Rio Grande channel, construction of Cochiti Dam, and the installation of bank-stabilization structures in the floodplain.
79 Table 1 outlines the most significant dams and reservoirs influencing the MRG and their current management authorizations. This built infrastructure is necessary for both the agricultural and municipal use of the watershed's historic floodplain. Both water delivery and flood control are dependent on this complex network of ditches, levees, and dams. Closely related to efforts to tame the river system are the changes made to allow use of its water. Like in many Western states, water allocation in New Mexico is governed by the prior appropriation doctrine. 80 Prior appropriation is a historically based allocation system that anticipates scarcity. The doctrine of prior appropriation states that when shortages occur, the right to use water is determined by the chronological order in which the water was put to beneficial use. "Senior" appropriators are served first; and in a water-short year, "junior" appropriators may receive a reduced amount or no water, depending on the supply.
Water rights are usufructuary and apply only when applied to a beneficial use. 81 In addition, water rights are subject to forfeiture if not used, which creates a general disincentive for conservation strategies. 82 When the prior appropriation doctrine was formally established in New Mexico in 1891, there was no recognition of the values associated with leaving water in stream for wildlife and other uses; 83 and until recently, leaving water in stream for fish and wildlife was not recognized as a beneficial use. 84 Instream flow rights remain relatively limited and, to date, have only been held in the MRG on a temporary leasing basis by Reclamation. Purchase of water rights for instream flow purposes is now authorized under the Strategic Water Reserve by the Interstate Stream Commission, although the Strategic Water Reserve has yet to be put into use for the Middle Rio Grande. 85 Today, the majority of water use supports agriculture in a traditional system of gravity-fed flood irrigation. 86 Much of this system originated as a network of acequias, which served as local governance structures. 87 Today, over seventy of the individual acequias have been consolidated into the MRGCD, which provides irrigation water for about 53,000 acres of crops, primarily alfalfa, and supports a thriving local dairy industry. 88 Agriculture is mainly small scale and family owned, or associated with the six MRG Pueblos that are members of the irrigation district. 89 80. "The unappropriated water of every natural stream, perennial or torrential, within the state of New Mexico, is hereby declared to belong to the public and to be subject to appropriation for beneficial use, in accordance with the laws of the state. Priority of appropriation shall give the better right." N. Like much of the American West, the MRG has seen a steady increase in population growth, and with that growth, an increasing municipal and industrial water demand.
90 Santa Fe and Albuquerque each rely on both ground and surface water supplies and, while water conservation programs are an important part of the overall supply strategy, both municipalities are constantly seeking new sources.
91
One source of supply is the purchase of senior water rights from willing sellers, and several municipalities in the MRG are purchasing water rights from farmers to meet their growing needs. As a result, there has been a shift in many water rights in the MRG from their original agricultural use to municipal use. 92 Many of these transactions involve purchases of senior surface water rights to offset the impacts to the river of municipal groundwater pumping. 93 Between 1982 and 2011, 21,000 acre-feet of water rights were transferred, 94 most of which were transfers of agricultural rights to cities such as Albuquerque and Santa Fe. 95 The competing demands Where groundwater pumping is, or will cause, unacceptable depletions on fully appropriated surface-water resources, the State Engineer can condition any new permit by requiring "offsets." To effect an offset requirement, a proposed appropriator must acquire a senior surface-water right and obtain an OSE permit to transfer it, that is, change the place of use, to the proposed groundwater diversion. The land on which the surface-water was used no longer has an appurtenant water right and the water right is said to be "retired." Id.
94. "Acre-feet" is the volume of one acre of surface area to a depth of one foot. 
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for a limited water supply in the MRG were highlighted in the Reclamation's 2025 report, which concerned areas of the Western U.S. where existing water supplies are, or will be, inadequate to meet the water demands of people, cities, farms, and the environment even under normal water supply conditions. 96 While there is not enough information to make this determination in the MRG, it is possible that water transfers from agricultural to municipal uses could cumulatively cross an economic threshold whereby the remaining farmers cannot practically continue given lack of remaining infrastructure for buying and selling goods, water delivery, etc. 
The Endangered Species Act
The ESA is also a major societal factor in the MRG; it is the major driver of ecological restoration efforts in the watershed. 98 Under Section 7 of the ESA, all federal agencies are required to consult with the appropriate wildlife agency to ensure that its actions are not likely to jeopardize the continued existence of listed species or result in destruction or adverse modification of critical habitat. 99 If a jeopardy determination is made, the Fish and Wildlife Service, in its Biological Opinion, seeks to identify "reasonable and prudent alternatives" that would allow the action agency to move forward with the proposed activity while avoiding jeopardy for the species.
In the case of the Silvery Minnow, a jeopardy determination was made in 2003 in the Biological Opinion that covered water operations for Reclamation, the Corps, and a number of nonfederal actors (such as the MRGCD) whose activities are closely linked to federal water operations. 100 Consultation is currently underway for a new Biological Opinion, and there is some doubt over whether the Corps will continue to participate. 103 On November 26, 2013, the Corps provided notice to the Service of its withdrawal from the ESA Section 7 consultation regarding the Corps' flood control and reservoir management activities in the MRG. In July of 2014, Wild Earth Guardians brought a legal challenge against the Corps and Reclamation, raising, among other claims, the failure of the Corps and Reclamation to meet the ESA's consultation requirement.
104
Regardless of the outcome of this move by the Corps, it is safe to say that the Silvery Minnow will continue to be a major focus of management efforts, serving as a proxy for the river, representing the environmental degradation that has occurred over the years. The Collaborative Program recently made a decision to boost its efforts with regard to the Silvery Minnow and become a Recovery Implementation Program. 105 Adaptive management is a core component of both the new program and the proposed actions of Reclamation under the new Biological Opinion. 106 However, even with an increased institutional commitment by the Collaborative Program, one of the major challenges moving forward will be finding willing sellers for water transfers in order to increase the amount of water left instream for the Minnow. During the past decade, the Water Authority was one of the main entities leasing water to Reclamation's Supplemental Water Program. 107 That was because it was not yet using its allocation of San Juan Chama Project water-now it is. 
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All of these elements-the channelization of the river, withdrawals of water from the river to serve municipal and agricultural water uses, and competing demands for that water from growing cities and endangered species-are stressing the SES. Water allocation approaches are relatively rigid, while the need for more adaptive strategies regarding the use of that water are greater than ever.
B. Elements of Current Ecological System
Channelization of the Middle Rio Grande
One dominant ecological driver of change in the MRG is river channelization, a direct result of the flood control efforts within the channel and floodplain accomplished through installation of bank-stabilization structures and construction of levees by Reclamation in the 1950s, and the construction of Cochiti Dam by the Corps in the 1970s. 109 The construction of this infrastructure has led to simplification of the channel and isolation of the channel from the surrounding floodplain. In addition, water management changes to the natural hydrograph for human use eliminate historical early season peak flows in order to provide steady but low summertime flows, further contributing to vegetation encroachment that simplifies the channel. 110 These modifications of the river to meet human needs have fundamentally changed the appearance and structure of the river and riparian system. Figure 2 shows the river and its riparian zone in Albuquerque before and after many of these modifications.
The impacts of channelization are profound. Flood control measures, along with diversions of flows from the river and other changes in the hydrograph, create a reduction in channel complexity and overbank flooding. 111 This results in a transformation of the MRG riparian system, known locally as the "Bosque," from a dynamic patchwork of cottonwoods (Populous deltoids) and willows (Salix exigua), regularly reworked by spring floods to a continuous, dense, and even-aged cottonwood forest occupying much of the previous river channel and floodplain. Both channel complexity and overbank flooding are important for establishing native vegetation, such as cottonwoods and willows, and the changes in the system dynamics make the system more hospitable for a growing non-native community, including salt cedar (tamarisk) and Russian olive (Elaeagnus angustifolia).
112
This riparian system has not experienced significant establishment opportunities for native vegetation since the germination of the existing stands of cottonwoods in the floods of the 1940s. These trees are now close to seventy years old and nearing the end of their lifespan. 113 At the same time, the community of nonnative vegetation is expanding. 114 The Bosque has been transformed from a dynamic ecological system, in which frequent flooding and channel migrations created These changes in the character of the Bosque have also caused biodiversity loss in the region. Most notably, the Silvery Minnow and Southwestern Willow Flycatcher, both endangered species, have suffered due to the human-caused changes to the Rio Grande's riverine and riparian system. 117 The Silvery Minnow has undergone declines in populations 118 and genetic diversity 119 due to loss of riverine habitat and overbank flooding, which supports reproduction. Changes in riparian species and habitat structure have threatened the extinction of the Southwestern Willow Flycatcher. 120 These species, along with others that depend on riverine and riparian habitat of the Rio Grande, will likely be further stressed by warming temperatures and decreased water availability that are occurring as a result of climate change. 
Upland Forest Systems
Important ecological drivers also are present in the forest upland areas associated with the MRG basin. These high elevation forests are natural reservoirs that capture snow during the winter and release the moisture as runoff in the spring and summer. Two of the most dominant drivers of the recent changes to this system are increased activity of several species of bark beetle, which has killed many acres of pine trees, and an increased vulnerability to catastrophic wildfire, due to current moisture stress in combination with forest management practices of the past century. 122 In 2012 more than 172,000 acres of pinyon pine, ponderosa pine, or Douglas fir forest experienced mortality due to one or more species of bark beetle. 123 The beetle outbreaks cause large areas of upland forest to be susceptible to wildland 115 
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[VOL. 51 fires, 124 with the greatest wildfire risk occurring shortly after the infestation and dropping off thereafter. 125 When combined with drought conditions currently gripping the Southwest, positive feedback loops are created between bark beetle outbreaks, forest dieback, and forest fires, leading to greater areas of forest mortality. 126 This feedback loop and the threat of fires are expected to increase in intensity due to climate shifts in the future. 127 The degraded condition of the MRG's forested headwaters has resulted in a dramatic increase in fire frequency, severity, and size over the past decade. 128 A period of rapid forest harvesting around the turn of the century, followed by decades of fire suppression, 129 resulted in tree densities and fuel loads that are drastically higher than they were historically. 130 These high fuel loads combined with stress associated with sustained drought, 131 increased air temperatures, reduced winter snowpack that is melting off earlier in the year, 132 forest dieback, 133 and increased human activity in the wildland/urban interface, 134 have all contributed to this trend. Additionally, grazing pressure in the lowlands under dry and hot conditions result in increased dust emissions that in turn reduce snowpack albedo, accelerate snowmelt, and reduce water availability. 135 In the MRG headwater watersheds, the wildfire season (May through July) is followed by the monsoon rains (July through September). The timing of these events can lead to extreme flash flooding, debris slides, severely degraded water quality, and associated negative impacts on the natural and human systems that depend on the MRG and its tributaries.
136 Post-fire peak flows have been shown to be ten-to one hundred-fold higher than baseline conditions. 137 As an example of wildfire and post-fire costs, the Cerro Grande Fire, near the City of Los Alamos, was estimated to cause approximately $1 billion in damages. 3. Climate Change and Drought
As described supra, humans have profoundly altered the water distribution, landscape, and ecosystems of the MRG. Current hydrologic analyses project that the impact of each of these changes will be exacerbated by the impacts of global climate change on this already overstressed system. 139 These changes are expected to decrease overall water supplies, increase water demand from local agriculture and other outdoor uses due to higher temperatures, and intensify both droughts and floods. 140 Longer growing seasons will put additional moisture stress on our forests, while increasing the survival of the bark beetles that have been preying on them.
141
Impacts of droughts and floods on human communities have been increasing in recent years, and these increasing trends are expected to continue. The system elements discussed supra are obviously only part of the complex and dynamic SES known as the MRG. The social elements described-the establishment of dams and levees, historically based and narrowly construed water supply allocation regimes and water operations, and increasing tensions between agricultural and municipal uses-highlight some of the basic characteristics that make water governance challenging in this basin. The ecological elements discussedimpacts of channelization, stresses on upland forest systems, and climate change and drought-begin to provide a conceptual model of the ecology of the MRG. One advantage of using resilience theory to understand the MRG is that it emphasizes the dynamics between various elements of the SES, with particular emphasis on key interactions between the elements that comprise the watershed's system dynamics. Based on the necessarily cursory description of the social-ecological system elements above, we have identified three key interactions that have an important impact on the MRG's identity: impending transformation of the Bosque, changes to the system's hydrograph, and regime change in the upland forest system. 
FIRE MANAGEMENT: Lessons Learned From the Cerro Grande (Los Alamos
)
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1. Bosque Transformation: Cottonwood Die-off.
The interactions between channelization, decreased water availability, and climate change are pushing the Bosque to an ecological system threshold. Although the Bosque in its current condition may appear to be a natural and healthy ecosystem, this condition actually represents a highly modified environment that, while currently in a quasi-stable state, is unlikely to persist in the future. The MRG Bosque is currently composed of an extensive cottonwood gallery forest with areas of invasive woody and forb species, interspersed willow thickets and wetlands, and some open meadows. 143 The current state of the Bosque is the direct consequence of the myriad of modifications that have been made to the watershed, river and floodplain, and streamflow regime. 144 These alterations have stabilized the floodplain and channel banks and shifted the system from a braided mosaic of complex channel features and diverse vegetation towards its current quasi-stable condition.
145
The existing structures and functions of the Bosque cannot be sustained under current conditions. 146 The current flow regime and channel/floodplain conditions do not support the hydrologic conditions (overbank flooding and gradual recession) required for widespread cottonwood recruitment.
147 Current conditions are more conducive to invasive species that are less tolerant to the native disturbance regime, which has been engineered out of the system.
148
Alternative future conditions for the Bosque will depend on management and engineering decisions. Current ecosystem restoration strategies focus on site treatments such as construction of side channels, bank lowering, planting of willow swales, and island destabilization.
149 A decade of experimentation has shown that these approaches can be successful for restoring habitat within the restoration project. 150 However, the feasibility of implementing such projects at the landscape scale and the long-term sustainability of these efforts are still in question in the Rio Grande and other river systems. 151 The restoration of a flow regime that supports the recovery of natural processes is not currently under consideration due to constraints in water management, flood risks, and concerns about meeting terms of the Rio Grande Compact. 152 However, restoration of a more naturalized hydrograph Climate change is causing the peak spring runoff in the MRG to occur earlier in the calendar year, and the portion of the year in which snowpack can be maintained is decreasing. Snowmelt runoffs are occurring one to three weeks sooner in many portions of the American West, and these trends are projected to continue.
153
Many ecological events, including annual species reproduction, are tied to these spring runoff events, often in concert with other cues, such as the length of the day, or the timing of an insect hatch. For example, the timing of seed dispersal for various riparian plant species, such as cottonwoods and willows, is synchronous with the occurrence of peak river flows during the spring and early-summer seasons.
154
The establishment of riparian species in the Bosque (discussed supra) may be further impeded by the occurrence of peak flows before riparian seeds are available for germination.
The endangered Silvery Minnow may also be impacted by a decreasing snowpack and earlier peak runoff. 155 The Silvery Minnow has already suffered due to loss of riverine habitat and inadequate river flows. Reductions in snowpack and earlier spring peak flows will lead to even less available water to support summertime river flows. 156 In addition, because Silvery Minnow spawn during elevated flows, shifts in spring flows have the potential to disrupt spawning patterns and further threaten the species.
157
Changes in the hydrograph are also affecting the social system. As will be discussed infra, built water storage operations may need to play many of the roles natural systems once played. In addition, milder winters and hotter summers are likely to result in longer growing seasons for agriculture and urban landscaping, making for more intense and prolonged demands for water. In the upland forest systems of the MRG watershed, many indicators suggest that we have already crossed a threshold and the forest ecosystems are undergoing a transformation. 159 The main driver of the current changes is wildfire, and the implications have been particularly noticeable in the burn area of 47,650 acres; today, it ranks as the twentieth largest wildfire. 160 The 2011 Las Conchas Fire is now the second largest in New Mexico state history at 156,000 acres burned. It is the largest ever recorded in the Rio Grande watershed. 161 The combination of bark-beetle infestation, drought, and fire will have profound hydrological impacts.
V. CONCLUSIONS AND IMPLICATIONS FOR MANAGERS.
As the issues discussed demonstrate, the current resilience of the MRG's water governance strategies is low, and the system operates close to a number of resilience thresholds, most notably the changes in the upland forest system and loss of the cottonwood Bosque. Some of the system's vulnerabilities can be ameliorated by building adaptive capacity and reconfiguring existing legal and institutional frameworks. Others will require a more radical approach involving meaningful participation in the system's transformation from one type of system to another. While there are many complex and overarching implications for managers resulting from the social and ecological processes discussed supra, this section presents five categories of recommendations for management changes that are needed to increase the adaptive or transformative capacity of the MRG.
A. Recommendation 1: Develop More Flexible and Adaptive Strategies for
Water Storage and Delivery.
The MRG is a highly managed hydrological system. The construction and operation of its many dams, reservoirs, and levees, along with channelization activities, have lowered the overall functional diversity of the river system through channel simplification and bed degradation, with implications for both riverine and riparian habitats. 163 In light of the system changes that have been made, as well as the developing hydrologic changes resulting from climate change, much of this built infrastructure is now needed to play part of nature's role. For example, the dams can be operated to release high flows that support the life cycle of native aquatic and riparian species, including endangered species, while also providing water for agricultural and municipal users.
The earlier peak runoffs that the system is beginning to experience will require more nuanced and intensive water management, including adaptive capacity in the form of more management flexibility for Reclamation and the Corps, which operate the major reservoirs in the basin. All of the water projects managed by 160 
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NREL EDITION 219 these two agencies have significant operational constraints, which are summarized in Table 1 . Generally, these dams are authorized for flood control or water storage, but not both. 164 They also have limits on the amount of water that can be stored at a given time, regardless of the dam's actual physical capacity. In addition, releases are restricted due to designated safe channel capacities downstream of the dams, which are generally lower than the releases that would be required to achieve overbank flows. 165 Such changes are possible. Operations of Cochiti reservoir by the Corps in 2007 and 2010 included "deviations from standard protocols which allowed temporary storage of water for peak flow events to support the life cycle of the Silvery Minnow."
166 Such operations provide an example of how more management flexibility could benefit the system. Currently, this reservoir is operated almost exclusively for flood control, and "deviations" have occurred on only two occasions. If management parameters were reconfigured to allow for temporary storage on nonflood waters and associated pulse releases, reservoir operations could potentially support cottonwood regeneration and spawning by Silvery Minnow.
167
Reclamation's dams and reservoirs also have significant operational restrictions. Heron Reservoir, which stores a portion of New Mexico's allocation under the Colorado River Compact, allocates water to its contractors annually, and unless a waiver is granted by Reclamation, 168 the water must be evacuated from the reservoir by the end of the calendar year. 169 Storage in El Vado Reservoir, which is operated jointly by Reclamation and MRGCD, is subject to restrictions under the Rio Grande Compact. 170 The institutional constraints on these federal reservoirs are historically based, reflecting the social needs of the time as well as the ecological assumptions held by water managers when the dams were constructed or the laws were written. Many of these assumptions, however, are now known to be invalid, and our current system of dams and reservoirs could be utilized more effectively if existing management constraints were made more adaptive.
There are a number of ways in which a change in the operational flexibilities of the federal reservoirs in the MRG could enhance system resilience through in-164. The reservoirs owned and operated by the Corps, including Abiquiu, Cochiti, Jemez, and Galisteo Dams, are authorized for flood control, but with the exception of the right to store San Juan-Chama Project water and possibly some native water if needed, are generally not authorized for water storage once flood-control operations have ended. Additional management flexibilities could be achieved if the MRG water managers were able to rethink the concept of storage to include groundwater storage, storage within the infrastructure of the irrigation network, and temporary storage within functional riparian habitats. Some of these management constraints may be addressed through regulatory changes, while others, specifically with regard to operation of federal reservoirs, will require congressional amendment. Because of this allowed storage, the small snowmelt runoffs that occur in times of drought may not create a significant pulse in the MRG. See id. Therefore, additional operational flexibilities that allow for temporary storage in Rio Chama reservoirs under Article VII conditions, so that releases can be made that are timed with the runoff on the main stem, could help restore these pulses. See id. In addition, changes to the operational rules of Reclamation's Heron Reservoir to allow storage of contracted water past December 31, so it can be released in the following spring, could further support spring pulses in the MRG. See id. Finally, authorization under the Rio Grande Compact for the storage, in Abiquiu or Cochiti Reservoirs, of water that has been stored to meet the needs of lands on the Six MRG Pueblos with Prior and Paramount water rights but was not needed during the irrigation season, could allow this water to support spring pulse flows as well. See generally id.
173. The restoration of a spring snowmelt runoff in the MRG cannot be achieved through changes to Rio Chama reservoirs alone, especially because of the channel capacity of only 1,800 cubic feet per second in the river reach below Abiquiu Reservoir, the downstream-most reservoir on the Rio Chama. Changes to the management parameters of the only federal MRG reservoir on the Rio Grande main stem would be required as well. If temporary storage of native and imported waters from the Rio Chama and the main stem were allowed, they could be released in a planned pulse, which could support both for native riparian regeneration and spawning by native fish, including the endangered Rio Grande Silvery Minnow. B. Recommendation 2: Reexamine Water Allocation Strategies and Approaches.
While more modern water storage and release parameters for the MRG reservoirs could add some operational flexibility, rethinking how water is allocated could provide significantly larger benefit to the adaptive capacity of the system. We recommend that practical alternatives to the prior appropriation doctrinetechnically the law is impractical in the MRG due to the lack of an adjudicationbe developed to create a realistic system of water administration. In the MRG, the only form of priority administration that is frequently practiced is the allocation of water to the lands of the six MRG Pueblos with "prior and paramount" rights prior to the allocation to non-Indian water-rights holders. 174 The remaining surface water rights have not been quantified, nor have they been assigned priority dates though an adjudication process. Water is typically distributed according to various shortage-sharing arrangements. 175 In addition, prior appropriation doctrine in New Mexico applies to both surface and groundwater, and in the MRG both are managed conjunctively based on a determination by the State Engineer that conjunctive management is necessary to protect senior water-rights holders. 176 However, these water rights are generally surface water rights, and as a practical matter, groundwater rights can be exercised long before the effects of the pumping are felt on surface waters. This makes it difficult for senior users to prove injury or make a "call" for water under a conjunctive, priority-based management approach. In short, priority administration is impractical and should be reexamined. Interestingly, this idea may be gaining ground in New Mexico among water experts.
querque. 214 This system of flood protection was not designed to protect against the shorter, but stronger, river flows that may occur in the future. In addition, as heavy precipitation events become more localized, 215 regional infrastructure is unable to protect against small scale, even neighborhood-centric floods.
The paradigm of flood management in the MRG needs to become more flexible and holistic in order to address shifting hydrologic conditions and incorporate other floodplain needs. More emphasis should be placed on localized flooding risk, which may require a shift away from levee certification as the de jure standard for flood protection. Within regional and localized settings, design standards should be evaluated to ensure adequate protection against shorter duration but higher discharge floods. 216 In addition, our flood management paradigm should be more holistic; the ecological and hydrologic benefits of flooding should be properly managed in conjunction with protecting property from catastrophic events. As discussed supra, important ecological processes, such as riparian recruitment, depend on episodic floodplain inundation, and watersheds naturally buffer the effects of flooding if water is allowed to spill into the floodplain. 217 Flood management should take advantage of natural ecological services, such as flood buffering, within regional and localized settings. Increasing the functionality of the natural system to address flooding builds the resilience of the SES. An example of the needed shift from conventional to more holistic approaches in is the newly founded Valle de Oro Wildlife Refuge in the MRG. 218 Management of the refuge includes an interagency effort that will use storm water runoff to restore wetlands in the MRG while also providing an ecologically based approach to floodwater management.
VI. BUILDING ADAPTIVE CAPACITY AND FACILITATING
TRANSFORMATION IN THE MIDDLE RIO GRANDE.
All of these implications for managers share several characteristics that highlight additional changes needed in MRG water governance. First, all require a significant commitment of resources beyond what is currently happening in the watershed. Second, they all require collaboration across all scales of governance. And finally, all these recommendations would benefit from the use of adaptive management. To date, the only aspect of water governance that has formally embraced 214 
